Abstract-Ultrathin dielectric tunneling barriers are critical to Josephson junction (JJ) based superconducting quantum bits (qubits). However, the prevailing technique of thermally oxidizing aluminum via oxygen diffusion produces problematic defects, such as oxygen vacancies, which are believed to be a primary source of the two-level fluctuators and contribute to the decoherence of the qubits. Development of alternative approaches for improved tunneling barriers becomes urgent and imperative. Atomic layer deposition (ALD) of aluminum oxide (Al 2 O 3 ) is a promising alternative to resolve the issue of oxygen vacancies in the Al 2 O 3 tunneling barrier, and its self-limiting growth mechanism provides atomic-scale precision in tunneling barrier thickness control. A critical issue in ALD of Al 2 O 3 on metals is the lack of hydroxyl groups on metal surface, which prevents nucleation of the trimethylaluminum. In this work, we explore modifications of the aluminum surface with water pulse exposures followed by trimethylaluminum pulse exposures to assess the feasibility of ALD as a viable technique for JJ qubits. ALD Al 2 O 3 films from 40 to 100 Å were grown on 1.4 to 500 Å of Al, and were characterized with ellipsometry and atomic force microscopy. A growth rate of 1.2 Å/cycle was measured, and an interfacial layer was observed. Because the interfacial layer thickness depends on the availability of Al and saturated at 2 nm, choosing ultrathin Al wetting layers may lead to ultrathin ALD Al 2 O 3 tunneling barriers.
I. INTRODUCTION
P RISTINE dielectric films of thickness ∼1-2 nm are required for many important applications including Josephson Junctions (JJs) that are building blocks for quantum bits (qubits) in quantum computers [1] . A JJ is typically fabricated on a superconductor-insulator-superconductor (S-I-S) trilayer, in which the thickness of the "I" layer is restricted to about ∼1 nm to yield the desired supercurrent density, J c . For "S" layers, aluminum or niobium are commonly employed and thermally oxidized aluminum (AlO x ) has been used as the tunneling barrier. While AlO x can be readily generated on an Al electrode, a thin Al wetting layer of typical thickness in the range of 4-7 nm is incorporated on the Nb electrode for AlO x tunneling barrier fabrication.
The primary obstacle facing JJ qubits is the issue of decoherence. It is widely believed that microscopic defect states within the JJ circuit act as two level fluctuators (TLFs) and are the primary source of decoherence in JJ qubits [2] . These TLFs couple the JJs to the environment, destroying the entangled state of the qubit. Recently, improved coherence times have been reported which approach the fault tolerant computing limit by shielding the JJ and decoupling it from the environment [3] . An alternative and complementary approach to the decoherence problem is removing the TLFs from the device. Although the material source of the TLFs is not entirely understood, the defects in the insulating materials of the circuit are one source, and perhaps the most important source [2] . In particular, it has been shown that reducing the defect density in the tunneling barrier reduces the density of TLFs, but so far this has required using high temperature epitaxial techniques [4] .
An alternative and unexplored method of eliminating defects in the tunneling barrier is Atomic Layer Deposition (ALD). ALD is a chemical vapor based layer-by-layer deposition process [5] . A nearly ideal ALD process is ALD Al 2 O 3 , which works by exposing a heated substrate to alternating pulses of H 2 O and trimethylaluminum (TMA) separated by a flush of nitrogen gas to assure the two chemicals never meet in a gaseous state. Growth occurs via ligand exchange between H 2 O and TMA at the substrate surface and is described by the chemical reactions [5] AlOH
where an asterisk denotes a surface species. ALD is a relatively low temperature process with ALD Al 2 O 3 typically occurring around 200
• C. The chemical reactions involved only occur on the sample's surface, producing highly conformal growth. In each cycle of ALD, i.e. after both the reactions shown in (1) and (2) have occurred once, only one molecular layer (ML) is produced, or about 1.1 Å of Al 2 O 3 is coated [5] . This provides an atomic-scale control of film thickness. Furthermore, the sequential chemical reaction in the ALD process most likely results in a complete oxidation of every molecular layer of 1051-8223/$31.00 © 2013 IEEE Al 2 O 3 , which differs from the physical diffusion in the thermal oxidation process and could lead to much lower defect densities. While the effective thickness of the tunneling barrier can be empirically controlled on the sub-Angstrom level using thermal oxidation [6] , the benefits of increasing the coherence time of JJ qubits by reducing defects such as oxygen vacancies in the tunneling barrier may outweigh the cost of slightly decreased control of the barrier thickness. Therefore, ALD may improve the quality of the tunneling barrier in JJs, which in turn leads to improved coherence in JJ-based qubits. However, in order to test this prediction, a better understanding of ALD nucleation on Al substrates is necessary.
Though there are no previous reports of ALD Al 2 O 3 on Al specifically, there are similar studies from which we may draw insight. In particular, extensive reports in the literature are available on ALD Al 2 O 3 growth on Si due to its importance in semiconductor microelectronics. Theoretically, Si surfaces are terminated with a layer of hydroxyl groups, which allows TMA to attach readily in a similar way shown in (1). However, an interfacial layer (IL) between Al 2 O 3 and Si substrates has been reported which is typically ∼1 nm thick and is composed of an alumina silicate [7] . Interestingly, a long exposure of Si to TMA can reduce the thickness of the IL to ∼0.5 nm, while a long exposure to water does not have the same effect [8] . This suggests that the IL is caused in part by the thermal oxidation of the substrate by exposing it to water at elevated temperatures.
The metal surface may be much more complicated depending on the reactivity of the metal with oxygen, hydrogen and other species. In particular, the nucleation mechanism of ALD dielectric layers on metal surfaces is not well understood, though many efforts have been made in ALD growth of dielectric films on a wide variety of metallic substrates. Groner et al. [7] reported ALD growth of Al 2 O 3 on Au, Co, Cr, Cu, Mo, Ni, NiFe, NiMn, Pt, PtMn, W, and even stainless steel. Only the Al 2 O 3 films grown on Mo, Pt, and Au were selected for detailed electrical analysis. On Mo, the dielectric constant of the Al 2 O 3 was within expected ranges, and an IL comparable to that found on Si substrates was observed. In contrast, the Al 2 O 3 films grown on Pt and Au showed a reduced dielectric constant and growth rate (by about 15%) on Au as compared to the on Si case. This suggests that the nucleation of the ALD dielectric films like Al 2 O 3 is more difficult on noble metal films. Several groups have studied ALD on noble metals in a greater detail [9] - [12] and found the dielectric growth does not initiate during the first few ALD cycles. Instead, an incubation period is required to facilitate the nucleation of the ALD dielectric films on noble metals including Pt, Ir, and Ru. This incubation period can be avoided by directly hydroxylating the surface with a hydrous plasma [11] , which suggests the nucleation difficulties spur from the thermodynamic unfavorability of noble metal oxides. To contrast this, other groups have studied ALD growth on other, more easily oxidized metals such as W, Co, and Ta [12] - [14] . It was found that the growth rate during the first couple of ALD cycles was greater than expected, and an IL formed between the substrate and the ALD film. This implies not only that ALD nucleation occurs easily when the substrate metal is easily oxidized, but also that an interfacial layer of thermal oxide is being formed. In particular, the thickness of the IL may be much larger than a few monolayers. For ultrathin dielectric layers on metal surfaces required for JJ qubits, it is therefore imperative and critical to understand the nucleation of dielectric ALD films in order to achieve the control of the morphology, thickness and, most importantly, defect density at the sub-nanometer scale.
Al is a metal that can be readily oxidized even at high vacuum with traces of oxygen. This means it is plausible to assume a thin layer of AlO x may exist on the surface of the Al before ALD Al 2 O 3 initiates. Nucleation of the TMA on the Al surface is anticipated even under in situ situations. The challenge in growth of ultrathin tunneling barriers on Al is therefore to minimize the thickness of this natural AlO x layer while using it to facilitate ALD Al 2 O 3 nucleation. There are several possible ways to minimize the thickness of this IL, including ion milling to remove the formed IL, or by reducing the temperature, oxygen partial pressure, or heating time to frustrate its formation. However, the most straight forward and cost effective method, without introducing additional variables, is to simply vary the thickness of Al which is available to oxidize. In this work, ALD was performed in situ on sputtered Al surfaces. With variation of the Al film thickness, the focus of this work is on understanding the nucleation of Al 2 O 3 on Al and developing schemes to obtain ultrathin ALD Al 2 O 3 tunneling barrier for trilayers of Al-Al 2 O 3 -Al and Nb-Al 2 O 3 -Nb JJs for qubits.
II. EXPERIMENTAL
To fabricate ultrathin films while minimizing the effects of ambient oxidation, a custom vacuum chamber was designed to integrate high vacuum sputtering with a home-made viscous flow ALD reactor [15] , [16] . Al films were sputtered on SiO 2 (500 nm)/Si and Si(100) substrates at either 15 W or 90 W DC from a 3 sputtering gun (Torus 3C from Kurt J. Lesker) in 14 milliTorr (mTorr) Ar. The sputtering rate was 0.07 nm/s for the former and 0.47 nm/s for the latter. The sample was then transported in situ to the ALD reaction chamber with a base pressure of approximately 10 −6 Torr The ALD chamber was then heated to 200
• C using resistive heaters under 500 mTorr from a 5 sccm N 2 flow over the course of about 1.5 hrs. ALD was then performed on the sample by exposing it to alternating pulses of H 2 O and TMA. ALD was performed on 50 nm in situ sputtered Al, thermal SiO 2 , and Si(100) with an in situ sputtered 1.4 Å to 9.8 Å Al wetting layer. The Si(100) substrates were prepared by stripping the SiO 2 with hydrofluoric acid just prior to loading the sample into the vacuum chamber. The surface morphology was studied with an atomic force microscope (AFM) from the WiTec company. The thicknesses of the Al 2 O 3 films were measured with a Horiba UVISEL spectroscopic ellipsometer (SE) between 2.75 eV and 4 eV. Fig. 1 shows the surface morphology of the ALD Al 2 O 3 films of various thicknesses grown on 50 nm thick sputtered Al measured using ex-situ AFM. The root-mean-square roughness (R rms ) was measured over a 5 μm × 5 μm scan area. Fig. 1(a) shows the Al substrate with no ALD growth. The native oxide on Al, formed when the sample was exposed to air, has an R rms of 1.1 nm. Ripples can be seen with a lateral dimension of ∼40 nm, a longitudinal dimension of ∼100 nm, and height of ∼5-10 nm. These ripples are randomly oriented and homogenously distributed across the surface. Fig. 1(b) -(d), show Al 2 O 3 films obtained with 20, 60, and 100 cycles of ALD growth, on which an R rms of 1.3 nm, 0.7 nm, and 0.8 nm were observed, respectively. The surface features on all samples are similar in size and shape. R rms was measured over other scan windows, and comparable results were obtained. These data show there is no correlation between surface morphology and Al 2 O 3 thickness in this regime. The comparable R rms values across all samples and reappearance of surface ripples is confirmation that ALD Al 2 O 3 growth is conformal on Al surfaces. Fig. 2 shows the results of the SE study of the ALD Al 2 O 3 films of various thicknesses grown on SiO 2 (500 nm)/Si and Al(50 nm)/SiO 2 /Si substrates. The blue solid line shows the ALD Al 2 O 3 growth rate on the SiO 2 surface is 1.2 Å/cycle calculated from the slope of the curve, which is comparable to previously reported values [15] . The scatter in the data is a result of poor optical contrast between Al 2 O 3 and SiO 2 due to their similar refractive indices. For sputtered Al substrates, exposing the film to ambient conditions for a few days formed a native oxide. This native oxide was measured to be 49 Å, and this set the lower limit for measuring ALD Al 2 O 3 on Al due to oxygen's ability to diffuse through thin oxide layers. The red dashed line in Fig. 2 shows the ALD Al 2 O 3 growth rate on Al is also 1.2 Å/cycle, shown clearly in the figure since the two curves are parallel to each other. Thus, the growth rate of ALD Al 2 O 3 is independent of the substrate after nucleation for the case of SiO 2 and Al, which differs from other works on noble metals [10] . However, there is significantly more growth of Al 2 O 3 on Al than there is on SiO 2 , which can be extracted by extrapolating the curve towards zero number of cycles. In fact, there is a systematic ∼2 nm offset between the two curves. Since an equal growth rate was observed for ALD Al 2 O 3 on Al and SiO 2 surfaces, this additional 2 nm of oxide on Al may be attributed to oxygen diffusion into Al most probably during sample heating before ALD fabrication process. The oxidation of the substrate after the ALD fabrication may be ruled out as the cause of this IL since 20 cycles of ALD produced an Al 2 O 3 film of comparable thickness to the native oxide. Further, since the thickness of the IL is less than half of the thickness of the native oxide, the difference may be attributed to the lower partial pressure of oxygen in the vacuum chamber for ALD as compared to the ambient atmosphere. In addition, thinner IL was observed on SIS trilayers with fewer number of ALD cycles [16] , suggesting the IL thickness correlates to the ALD growth time at 200
III. RESULTS AND DISCUSSION
• C consistent to the expectation of the thermal oxidation process [6] .
To explore ways to reduce the thickness of this IL to much below the thickness of the tunnel barrier, a wetting layer of ultrathin Al was sputtered onto Si(100) substrates before ALD growth. Fig. 3 shows the surface morphology of a bare Si(100) substrate (a) and 60 cycles ALD Al 2 O 3 on a Si(100) with ultrathin Al wetting layers of approximately 1.4 Å, 3.5 Å, and 9.8 Å (b)-(d), respectively. The thickness of the wetting layers was not directly measured. Instead, it was approximated using a previously calibrated sputtering rate. The R rms values over 5 μm × 5 μm are 0.6 nm, 0.5 nm, 0.5 nm, and 0.4 nm, respectively. There is no apparent trend between the morphology and the wetting layer thickness. Furthermore, comparing Figs. 1 and 2 , the R rms values of Al 2 O 3 on ultrathin Al wetting layers is significantly smaller than on 50 nm Al. This is because R rms for Si(100) is significantly smaller than R rms for 50 nm Al and because ALD growth is conformal. Fig. 4 shows the Al 2 O 3 thickness vs. wetting layer thickness. Interestingly, the Al 2 O 3 thickness decreases monotonically with the Al wetting layer thickness, confirming that the IL is indeed formed via oxidation of the Al surface layer. In particular, the IL could be almost removed and the surface roughness could be improved by using an extremely thin Al wetting layer. A preliminary proof of concept study on tunnel junctions with ALD tunneling barriers, such as Nb-Al 2 O 3 -Nb with Al wetting layers of 7 nm thickness, have shown promising results and have been published elsewhere [16] . This wetting layer thickness is typical in JJ fabrication with thermally oxidized tunneling barriers and was chosen to allow direct comparison between these and ALD tunneling barriers. The tunneling properties of these trilayers were characterized at room temperature using the Current-In-Plane-Tunneling (CIPT) technique, which confirmed the anticipated tunneling barrier resistance as a function of the ALD cycles and, thus, barrier thickness. CIPT also revealed excellent uniformity across 2 × 2 cm 2 . JJs were fabricated from these trilayers and low temperature I-V curves were obtained. Preliminary results suggest very low subgap leakage current in the ALD tunneling barrier with 8 cycles of ALD. The ALD junction has a high specific resistance R N A = 3.57 kΩ μm 2 , which is more than two orders of magnitude larger than that of the reference sample without exposure to any ALD source vapor, where R N is normal state resistance and A is junction area. We speculate that this significant increase in R N could possibly be caused in part by the IL described in this work. Using the empirical result of eI c R N /Δ = 1.27 previously measured in Nb/AlO x /Nb junctions in our lab [17] , where Δ and e are the superconducting gap energy and the charge of an electron, respectively, a critical current density of about 39 A/cm 2 at 4.2 K can be obtained for the ALD junction [16] . The measured I c R N product is smaller than 0.3 mV for the ALD junction, indicating the Ic was suppressed and might be caused by the OH termination of the ALD Al 2 O 3 layer, which could act as a scattering center for cooper pairs, suppressing the supercurrent to near zero. Further work exploring the effects of using ultrathin Al wetting layers and optimizing the junction performances are currently underway.
IV. CONCLUSION
In conclusion, these results show that self-limited, conformal ALD Al 2 O 3 growth could be readily achieved on Al. The growth rate of ALD Al 2 O 3 on Al and SiO 2 substrates is 1.2 Å/cycle, which agrees well with previously reported values of ALD Al 2 O 3 on a variety of other substrates. However, ILs of ∼2 nm were formed on thick Al wetting layers, which may prevent achievement of ultrathin Al 2 O 3 tunneling barriers of thickness on the order of 1-2 nm. This issue could be resolved by adopting ultrathin Al wetting layers, and we have demonstrated an Al wetting layer as thin as 1.4 Å is viable. This suggests that after nucleation the ALD Al 2 O 3 is indeed selflimited, but the nucleation on metal surfaces requires interfacial engineering to minimize the unwanted ILs driven by oxygen diffusion. Further, the surface roughness of the Al 2 O 3 films is comparable to the substrate upon which they were grown, proving conformity and self-limitation. On ultrathin Al, the IL thickness is a function of Al availability. Tighter control of the IL thickness must be achieved to create ultrathin tunneling barriers for Josephson junction based qubits
